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Abstract: This paper presents the main results obtained during a decade of scientific activities in the Meuse/Haute-Marne 
Underground Research Laboratory (URL) located on the eastern boundary of the Paris Basin, in the Callovo-Oxfordian clay 
rock formation. The URL was built in the framework of ANDRA’s research program into the feasibility of a reversible deep 
geological disposal of high-level and intermediate-level long-lived radioactive (HL, ILLL) waste. Its underground drifts have 
been used to study a 160-million-year old clay layer. The 2006 Planning Act adopted this disposal concept as the reference 
solution for the long-term management of HL and ILLL radioactive waste. Today, research is continuing into the design and 
sitting of the disposal facility which could be commissioned by 2025 if its license is granted in 2016. Through these programs, 
the laboratory will help ANDRA develop a concrete approach with a view to proposing suitable architectures and management 
methods for a deep disposal facility, to allow by 2016 the decision for the start of the construction of the shafts and drifts of 
the new disposal facility. 
Key words: Meuse/Haute-Marne underground research laboratory; Callovo-Oxfordian clay; argillaceous rock; experimental 
program; deep disposal facility 
 
 
1  Introduction 
 
ANDRA is a French industrial and commercial 
public body established by the 30 December 1991 
Waste Act. Its role was completed by the 28 June 2006 
Planning Act concerning the sustainable management 
of radioactive materials and waste. ANDRA, which is 
independent of radioactive waste producers, is 
supervised by the Ministry for Energy, Environment 
and Research. ANDRA is responsible for the sustainable 
management of all French radioactive waste. 
One of its main missions is to study and design 
solutions for the sustainable management of waste for 
which there is not yet any specific disposal facilities, 
as a reversible deep geological disposal of high-level 
and intermediate-level long-lived radioactive waste 
(HL, ILLL projects). 
On 3 August 1999, the French government 
authorized ANDRA to build and operate an 
underground research laboratory at the border of the 
Meuse/Haute-Marne districts, on the eastern boundary 
of the Paris Basin (Meuse/Haute-Marne URL). 
The purpose of this laboratory, as defined by the 
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Waste Act of the 30 December 1991, is to study the 
feasibility of the HL, ILLL radioactive waste disposal 
facilities in a deep geological formation. 
The Meuse/Haute-Marne URL is located at the 
border of the Champagne-Ardenne and Lorraine 
regions, on the township of Bure in the Callovo- 
Oxfordian (Upper Jurassic) clay-rich rock [1]. At this 
place, the layer is about 130 m in thickness and lies at 
a depth of 420 to 552 m. 
The laboratory consists of two levels of experi- 
mental drifts at depths of 445 and 490 m. 
Both the continuity and homogeneity of the studied 
argillaceous rock mass have been demonstrated 
through numerous palaeogeographic investigations 
carried out at regional and local scales [2–4]. 
The site of the laboratory was chosen based on a 
surface reconnaissance program of seismic geophysics 
surveys and deep drilling campaigns [5]. The regional 
and local knowledges acquired through these 
campaigns, as well as the results obtained in the URL, 
are presented in ANDRA’s “Dossier 2005” which 
helped assess the progress of research at the end of the 
15-year period of works provided by the Waste Act of 
30 December 1991 [6, 7]. 
Construction of the underground installations 
started in August 2000 with the sinking of the main 
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shaft and was completed on 27 April 2006 when it 
linked up with the south drift of the laboratory. 
Equipment of the laboratory was completed in July 
2007 with the installation of the hydraulic and 
electrical networks (Table 1).  
 
Table 1 Main stages of the construction and equipment of the 
URL. 
Construction phase Date 
Start of main shaft sinking August 2000 
Start of auxiliary shaft sinking 
November 
2000 
Interruption due to a serious accident 
May 2002 
April 2003 
Callovo-Oxfordian formation reached at 420m May 2004 
Auxiliary shaft reached at 490 m October 
2004 
Beginning of operation of the first experimental drift 
at445 m 
November 
2004 
Beginning of operation of the first experimental drift at 
490 m April 2005 
End of installation of the experimental drifts at 490 m December 
2005 
End of technical drifts excavation at 490 m April 2006 
End of equipment works of the laboratory July 2007 
Start of the construction of the new drifts April 2008 
End of the construction of the “second experimental 
drift” 
April 2009 
Start of operation of the “second experimental drift” May 2009 
 
Figure 1 shows an overall view of the surface 
installations in early 2007. 
 
 
Fig.1 Overall view of the laboratory surface installations (in 
early 2007). 
 
First, this paper presents the main outcomes of the 
decade of scientific activity in the URL. Then it 
presents the way for selecting the deep disposal 
facility site. After presenting the main features of a 
deep disposal facility, it sets the objectives of the new 
experimental phase that started following the new 
Planning Act of 28 June 2006, and is the resulting 
evolutions in architecture that will be taken into account.  
 
2  Main results obtained in the URL  
 
2.1 Layout of the URL  
The underground installations consist of two shafts 
and drift networks (Fig.2). The main shaft, 5 m in 
diameter after lining, gives access to a 445 m-deep 
drift network and to the 490 m-deep main drift 
network. The functionalities of this shaft are the access 
for the personnel, the transportation of equipment, the 
clearing of dump material and the air inlet of the 
ventilation system. For the transportation of personnel, 
the shaft is serviced by two elevators with a capacity 
of 14 and 8 persons, respectively. The latter also acts 
as an emergency elevator. The auxiliary shaft, 4 m in 
diameter after lining, is also serviced by two elevators 
with the same capacity. They can descend below the 
shaft station to make way for heavy-load or large-bulk 
carrying machines. The auxiliary shaft acts as an 
emergency exit. It also ensures the ventilation system 
air circulation and to this effect it comprises, at surface 
level, an extraction room and a chimney. 
 
 
Fig.2 Layout of the underground installations (in end 2006). 
 
The drift network at 445 m is T-shaped with length 
of 45 m. This experimental zone has been equipped to 
monitor the reaction of the rock mass during shaft 
sinking from 445 m to 465 m. These drifts are 17 
m2 in section. 
The main network of experimental and technical 
drifts is located at 490 m. In mid 2007, this network 
was 485 m-long, out of which 80 m are dedicated to 
experiments. The orientation of the scientific drifts has 
been determined with respect to the in-situ stress field [8]. 
Most of these drifts are 17 m2 in section. However, 
certain technical zones have been excavated in 
different diameters, up to 40 m2 for the shaft stations. 
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The main technical drifts consist of two emergency 
niches, an electrical sub-station equipped with two 1 600 
kVA transformers, and a drain way. 
2.2 Geological context 
The north of the Haute-Marne region and south of 
the Meuse region form a simple geological domain of 
the Paris Basin, comprising a sequence of horizontal 
limestone layers, marls and argillaceous rocks which 
deposited at the bottom of former oceans (Fig.3).  
Tectonic deformations which have affected the 
region over the past 150 million years are mild and 
essentially limited by the Gondrecourt fault system 
and the Marne river fault system at the boundaries of 
the studied sector.  
Between these faults, the Callovo-Oxfordian layer 
is regular and plane [9]. Data obtained from the 2007 
seismic geophysics and correlations between the 2007 
and 2008 drillings confirm that the variation in 
thickness is progressive at sector scale and consistent 
with the original low-contrast topography which 
determined the sedimentation of this formation.  
The thickness of the layers varies steadily between 
130 and 160 m in a south to north-west direction. With 
the dip of the layers running north-west, the depth 
progressively increases to reach over 600 m, 15 km to 
the north. 
France belongs to a domain known as “the west- 
European plate”. Located in the context of this 
intra-plate, at a distance from tectonically active 
regions, the Paris Basin has been little affected by 
tectonics in the past 65 million years. It is a remark- 
able zone of the west-European plate, where the  
lithosphere shows a stable and uniform thickness,  
and it stands out for its almost aseismical nature. 
Available seismic data confirm that this is a low 
seismicity region. A network of seismic recording 
stations, established in a 30 km radius around the URL, 
completes the existing national monitoring networks.  
2.3 Properties of the argillaceous layer 
2.3.1 Geological continuity 
The Callovo-Oxfordian argillaceous rocks form a 
predominantly homogeneous argillaceous layer 
located at depths of 420 to 552 m below the URL. 
The homogeneity of the layer has been studied at 
several scales, from sector to sample scale in the 
horizontal and vertical directions [10]. 
Variations in the sea level at the time of the deposit 
result in variations in the sedimentary layers: the 
higher the sea level is (referred to as the maximum 
flooding), the greater the argillaceous deposits; the 
lower the sea level is, the greater the carbonate levels 
deposits. 
Measurements were carried out vertically in all the 
drillings between 1994 and 2008, which consistently 
show the same minor variations in the mineralogical 
composition of the rock (content and type of clays, 
carbonates, quartz and pyrite). This demonstrates that 
the sediments deposited during the same period (about 
150 million years ago) in the same type of environ- 
ment and with the same intensity. Minor variations in 
the distribution of the main mineralogical phases 
(argillaceous rocks, carbonates, quartz and feldspars), 
are organized according to three continuous sediment- 
tary levels (or sequences). They are the outcomes of 
minor cyclic variations of the sea level at the time the 
layer deposited (between about 158 and 152 million
 
 
  
Fig.3 Geological 3D block diagram of the Meuse/Haute Marne site.   
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years ago). The thickness of these three sequences is 
18 (lower sequence), 80 (median sequence), and 34 m 
(upper sequence), respectively, below the URL. The 
highest proportion of clay minerals can be found (up 
to 60%) in the median sequence, located appro- 
ximately at the centre of the layer and at the level of 
the location studied for the feasibility of a deep 
disposal facility (490 m below the laboratory). The 
highest carbonate content is found in the upper 
sequence. 
Laterally, this clay layer shows globally the same  
organization over more than 350 km2 of the studied 
sector. According to continuous measurements carried 
out in these boreholes (logs) and the analysis of 
minerals making up this layer, it seems almost 
identical in all the boreholes in a 15 km radius area 
around the URL. More specifically, the log measure- 
ments correlate (Fig.4), over distances of 20 to 30 km, 
the different levels of the Callovo-Oxfordian are 
identified through a detailed sedimentological and 
stratigraphic analysis. Thus, the only clear trend is a 
slight enrichment in quartz (5% to 10%) about 15 km 
north of the laboratory site. Faults and joints could 
affect the continuity of the Callovo-Oxfordian layer and 
therefore its confinement ability. Any discontinuities 
should, therefore, be identified in order to trace their 
origins and evolution with time, namely, with the  
interpretation of the tectonic and geological background 
of the eastern region of the Paris Basin with respect to 
events such as the opening of the North Sea (170 
million years ago), the Gulf of Biscaye (130 million 
years ago), the uplifts of the Pyreneans (50 million 
years ago), and the Alps (30 million years ago). Since 
this latest tectonic event, the orientation of the 
regional stress has remained stable. No fault has been 
identified in this formation above and below the 
Callovo-Oxfordian layer over a 250 km2 zone north 
and northwest of the laboratory. The 185 km of 
seismic measurements carried out in 2007 at north and 
northwest of the laboratory have provided a more 
accurate underground picture. No faults have been 
identified in the studied zone. The only known faults 
are located outside this sector north/northeast (Marne 
fault system), south (Poissons/Roche Betaincourt fault 
system) and northeast (Gondrecourt fault system), on 
the west, south and eastern boundaries of the sector. In 
the Callovo-Oxfordian, no drilling has crossed secondary 
faults (maximum extension of a few hundred meters). 
Only a small amount of macro-structures, a few 
centimetres maximum in size, have been identified. 
They have all been sealed and do not alter the confining 
properties of the layer. Geological surveys carried out in 
slanted boreholes on the URL site provide more detailed 
information on the minor joints [4].
 
   
Fig.4 Logs showing the lateral homogeneity of the Callovo-Oxfordian on the Meuse/Haute-Marne sector [11].             
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2.3.2 Confining and permeability properties  
The very low permeability of the Callovo-Ox- 
fordian formation greatly restricts water circulation 
through the layer and prevents the migration of radio 
nuclides through convection carried by the flow of 
groundwater. 
Measurements made both in deep boreholes from 
the surface and on samples in laboratory have 
demonstrated that the permeability of the layer ranges 
from 1012 to 1014 m/s. Most of the measurements 
were made between 51013 and 51014 m/s (Fig.5) 
[12]. These values were validated by measurements 
carried out from the experimental drift at 445 m, and 
in boreholes in the experimental drifts at 490 m. The 
same range of values has been obtained from indirect 
permeability assessments.  
 
 
Fig.5 Permeability values of the argillaceous rocks throughout 
the height of the Callovo-Oxfordian layer formation, according 
to in-situ and sample measurements taken as a whole. This 
figure shows a log of vertical and horizontal permeability over 
the Callovian-Oxfordian formation, the width of the wavy line 
represents the interval of confidence. 
 
This very low permeability can be accounted for by 
the argillaceous nature, thinness and very small radius 
of the rock pores (below 1/10 micron). The permea- 
bility measurements are comparable whether obtained 
on samples of a few centimetres or in boreholes at a 
decametric scale. 
Considering the diversity of methods implemented 
to obtain the permeability values of the rock, both in 
the surface laboratory and in-situ, the range of values 
proposed seems particularly robust. This strongly 
testifies the homogeneity of the layer and the 
consistency of its properties. 
The current characteristics of the Callovo-Ox- 
fordian formation have been acquired, for the greater 
part, during the first million years of the history of the 
layer. The initial phases of clay minerals have not been 
affected by chemistry and texture. Isotopic analyses 
carried out on the carbonated phase (namely on 
strontium and carbon isotopes) show that, owing to 
limited diagenetic processes the original marine 
signature of the carbonated cements remained 
unaltered. As a rule, the diagenetic phenomena 
recorded in the Callovo-Oxfordian layer are very mild, 
of a regional extension, and are consistent with 
geological temperatures below 40 °C. Therefore, they 
cannot be the likely cause of heterogeneities at the 
scale of the transposition zone (Section 3) [13]. 
The analysis and distribution of certain chemical 
elements and their isotopes in the different minerals of 
rock and interstitial water demonstrate that for the past 
150 million years, exchanges have been mostly 
restricted to the layer. The distribution of the most 
mobile elements, such as chloride and helium, shows 
that they migrate through diffusion from the Dogger 
towards the Oxfordian limestone, passing through the 
Callovo-Oxfordian formation, but not through convection. 
This confirms that the migration of the chemical 
elements occurs very slowly (several hundred thousand 
years to go through the layer). These durations of 
diffusive migrations are consistent with those assessed 
through modeling, relying on diffusion tests carried 
out on samples or in-situ (Fig.6). Indeed, interpretation 
of the follow-up of the diffusion experiments carried 
out in the experimental drift at 445 m (three diffusion 
tests), and from the surface in the EST208 borehole, 
yield very low vertical diffusion coefficient values, 
consistent with the values obtained through 
measurements on clay samples, taking as a reference 
the diffusion coefficient value 41011 m2/s for 
tritiated water, 4.41012 m2/s for iodine, and 6.7 
1011 m2/s for sodium [14]. 
Diffusion parameters values obtained to date prove 
to be very consistent, on one hand, at various scales of 
investigations (whether on samples a few centimetres 
in size or in diffusion vaults at the meter scale) and, on 
the other hand, at the levels of argillaceous rocks of 
different mineralogical natures (Fig.7). This demonstrates 
the very low variability of this factor throughout the 
height of the formation. 
11015 11014 11013 11012 11011
Permeability (m/s) 
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(a)a cationic (sodium 22Na) 
 
 
(b) an anionic (iodine 125I) 
Fig.6 Experimental results of the in-situ diffusion tests 
compared with the digital modeling for two tracers. The 
parameter C0 corresponds to the initial tracer concentration. 
 
 
Fig.7 Diffusion coefficient values throughout the height of the 
Callovo-Oxfordian formation (on sample measurements). 
 
Besides its permeability, the confinement abilities 
of the Callovo-Oxfordian formation can be accounted 
for by its mineralogical composition. X-ray diagrams 
and chemical analyses show that the most abundant 
clay minerals are of the “interstratified illite-smectite” 
type, the particularity of which, more specifically 
regarding smectite, is to consist of sheet elements in 
between which the elements in solution in water, 
namely radio nuclides, can fix in large amount. This  
confinement ability has also been confirmed by in-situ 
diffusion tests carried out on cationic (caesium) 
species, and it has been measured in laboratory by 
putting in contact pieces of argillaceous rock with 
water containing dissolved radio nuclides. The main 
radio nuclides studied (some toxics from a chemical 
point of view) are iodine, technetium, caesium, 
selenium, bore, chromium, nickel, zirconium, niobium, 
molybdenum, tin, lead, uranium, neptunium and 
plutonium. This ability to fix, also demonstrated by in- 
situ diffusion tests carried out on cationic (caesium) 
species, slows down the migration of elements in the 
Callovo-Oxfordian layer and has been tested in 
numerous experimental configurations (water chemistry, 
content of element in solution).  
Finally, according to various elements of the 
geological and hydrogeological contexts, the chemical 
composition of the interstitial rock water (small 
amount of water trapped in the rock pores) appears to 
be in equilibrium with the rock. Since direct 
knowledge of the composition of the Callovo- 
Oxfordian pore water is difficult to be achieved owing 
to properties inherent to the rock (low water content in 
the formation, 7% to 8% in weight, very low 
permeability), the mineral phases, chemical reactions 
and parameters governing this equilibrium have been 
identified based on measurements and tests carried out 
on core samples. These values were introduced in a 
geochemical model in order to compute the chemical 
composition of the pore water [15, 16]. This approach 
was successfully tested and implemented in the Mont 
Terri laboratory. Results of the PAC experimentation 
(sampling and in-situ chemical analysis) carried out in 
the Meuse/Haute-Marne laboratory were implemented 
to verify the relevance of the thermo-dynamical 
equilibrium model of the Callovo-Oxfordian argillaceous 
rocks. Analyses of samples collected in gas circulation 
boreholes and synthetic water collected in the 445 m 
drift confirm the hypotheses regarding the reactions 
governing the chemical composition of the pore water 
and the main parameters of the model [17]. The 
chemical composition obtained through modeling is 
thus validated. It is considered to be homogeneous 
throughout the thickness of the formation, and 
consistent with its overall lithological homogeneity. 
Under these chemical conditions, numerous radio- 
actives, such as those of the uranium family 
(actinides), show a very low solubility in water, and 
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precipitate in the solid and microscopic forms, which 
prevents their migration into the rock.  
2.3.3 A layer well suited for mining methods 
Geomechanical tests and measurements carried out 
on samples collected in deep boreholes demonstrated 
that the argillaceous rocks are stiff and subjected to a 
very mild and very slow deformation, leading to 
contemplate excavation through mining methods. The 
mineralogical composition and compaction of the 
Callovo-Oxfordian argillaceous rocks afford them a 
relatively high resistance for this type of clay rock. 
Their resistance to uniaxial compression is more than 
25 MPa in average in the carbonated levels and about 
20 MPa in average in the argillaceous levels in the 
middle of the formation [2]. 
The mechanical resistance of the rock (compared to 
about 12 MPa lithostatic pressure at 500 m) and its 
low deformability lead to contemplating the excavation 
of drifts through conventional methods. 
As demonstrated by the construction of the Meuse/ 
Haute-Marne laboratory, mechanical machines can be 
used to excavate the drifts, such as a hydraulic stone 
crusher used in the 490 m drifts, or a blasting method 
(conventional drill-and-blast method) used in the 445 m 
drift. Other conventional mining methods (road- 
header excavation) can also be considered. The 
support of the drifts can be ensured by sliding metal 
arches and/or bolts installed at the front of the 
excavation face in association with shotcrete (Fig.8). 
 
 
Fig.8 Installation of shotcrete during excavation of a URL drift. 
 
Results obtained from displacement measurements 
made on the drift walls in the Meuse/Haute-Marne 
URL show [18]: 
(1) An increase in convergences (movement of the 
drift walls) on the order of a few centimetres after six 
months, resulting in deformation velocities close to 
those measured during short-term tests (over 100 days) 
carried out on samples collected in the most clay rich 
levels (Fig.9). 
(2) A large part of these displacements were brought 
about by the opening of joints during drift excavation. 
(3) The deformation velocities decrease signify- 
cantly over time since the beginning of excavation, as 
already observed on samples after two to three years 
(a maximum of 330 to 840 μm per month for vertical 
convergences according to the orientations of the drifts, 
and 80 to 100 μm per month for horizontal conver- 
gences). 
 
 
 
 
 
 
 
 
 
 
 
(a) Drift oriented parallel to the major horizontal stress. 
 
 
 
 
 
 
 
 
 
 
 
 
 
(b) Drift oriented parallel to the minor horizontal stress. 
Fig.9 Results of vertical and horizontal convergence measure- 
ments of the URL drifts according to their orientations.  
 
The deferred deformation of the argillaceous rocks 
produces a gradual load of the underground structures, 
namely, of the support systems (metal arches currently 
in the URL, concrete lining in the disposal facility). 
Measuring devices have been installed on some arches 
to monitor this load. 
2.4 Hydrogeological context of the limestone above 
and below the argillaceous layer 
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The knowledge of the geological environment also 
involves having an overall perspective regarding the 
formations in the vicinity of the Callovo-Oxfordian 
argillaceous rocks. 
Measurements carried out in the boreholes of the 
surveyed sector have highlighted the low matrix 
permeability of the formations surrounding the 
Callovo-Oxfordian argillaceous rocks, namely, the 
limestone formations of the Oxfordian (109 to 
107 m/s) and Dogger (between 1010 and 108 m/s), 
water productive in other parts of the Paris Basin. For 
instance, the water flow measured in the URL shafts 
during their migration through the Oxfordian 
limestone is below 10 L/min. This can be accounted 
for by a significant re-crystallisation of the limestone 
which sealed the rock pores during the diagenetic 
processes that occurred at regional level at the scale of 
the boundary of the Paris Basin. 
The hydraulic productivity of the Oxfordian 
limestone comes essentially from two more permeable 
geological units: (1) the reef limestone of the L1a unit 
practically as a whole, and (2) more porous horizons 
distributed over the more hydraulically isolated L2 
unit. The hydraulic transmissivity of these two units 
ranges from 5107 to 2105 m2/s on the transposition 
zone. Their organization seems directly to be linked 
with the initial conditions of the sedimentary deposit. 
This accounts for their overall geometry organized in 
strata, as shown by the 3D seismic data recorded on 
the URL site.  
The porosity of the Dogger is generally very low 
(below 15%) and strongly influenced by secondary 
re-crystallisations and cementations. This accounts for 
low matrix permeability values and the difficulty in 
clearly linking porosity, permeability and lithological 
facies. The most productive levels (5107 m/s) are 
generally located in the granular limestone of front 
reefs, showing a low cementation and well connected 
macro-porosity. These facies are located in the lower 
part of unit D4. They are often inter layered with low 
porosity strata. Their location varies from one 
borehole to the next and it seems that they do not 
occur in the region southeast of the studied sector.  
Owing to the low permeability of the Oxfordian and 
Dogger layers, the flows are slow: modeling shows, on 
the transposition zone, velocities on the order of one 
kilometre per hundred thousand years in the Oxfordian 
and even less in the Dogger. These velocities are 
consistent with the results obtained from the isotopic 
analyses of chloride 36 and carbon 14. The mean ages 
of the Oxfordian and Dogger is on the order of 4×105 
and 1×106 years, respectively, at the centre of the 
studied sector. 
Finally, hydraulic pressures measured in the 
Oxfordian and Dogger are quite similar and do not 
constitute, at the scale of the transposition zone, an 
effective cause for water migration in the Callovo- 
Oxfordian layer. Owing to the low permeability of the 
argillaceous rocks, the velocity of the vertical water 
flow (assessed through the Darcy velocity) is on the 
order of a few centimetres per 100 000 years in the 
Callovo-Oxfordian layer. 
2.5 Impact of the construction and operation of a 
deep disposal facility on the host formation  
The construction and operation of a deep disposal 
facility induce stresses (thermal, mechanical, geo- 
chemical, hydraulic) in the zone near the host 
formation. The research program aims at providing the 
required data for assessing the consequences of the 
perturbations affecting the host formation. 
2.5.1 Mechanical impact of the creation of structures 
The construction of underground structures upsets 
the rock at its boundaries, creating an excavation 
damaged zone (EDZ) liable to constitute a future 
preferential pathway for water migration. According to 
the resistance of the rock and the depth of the 
structures, micro-fissures may be observed and, 
eventually, fractures may occur at the excavation front 
face (zone submitted to shear stresses) and in a ring at 
the drift wall (fracture zone) [19]. These phenomena, 
observed around structures installed in similar 
formations, have been studied over the past ten years 
by international research teams on both clay samples 
in the Mol and Mont Terri URLs [20, 21]. They have 
also been submitted to detailed investigations at the 
Meuse/ Haute-Marne laboratory in both the 445 and 
490 m drifts. 
At the level of the 445 m drift, in the more 
carbonated upper levels of the Callovo-Oxfordian 
layer, observations and measurements show that no 
fracture occurs and that the thickness of the 
micro-fissured zone is in the order of 0.1 to 0.2 times 
the diameter of the structure according to its 
orientation. These characteristics are favourable since 
the sealing of the shafts of a disposal facility could be 
carried out at the level of this zone. 
At the level of the 490 m drifts, the most clay-rich 
level of the Callovo-Oxfordian layer, observations and 
measurements are carried out during their excavation 
as following: 
(1) Shear fractures are observed at the excavation 
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front face; they develop up to a maximum distance of 
2.5 m of the wall face. The formation of these 
fractures is well reproduced by 3D digital simulations 
of the drifts excavation taking into account the 
excavation front face and its excavation speed. 
Permeability to water of the shear fractures is below 
1012 m/s, more than 0.2 to 0.5 times the radius of the 
drift. It ranges between 108 and 1011 m/s near the 
wall. 
(2) In the zone fractured by deconfinement, 
measured permeability values range between less than 
108 m/s and close to 1010 m/s. These measurements 
are consistent with the permeability estimated for the 
fractured argillaceous rocks (5109 m/s). The 
maximum extension of the fractured zone in the 
vicinity of the laboratory drifts is about 0.2 times their 
radius, of the same order compared with that obtained 
through 2D modeling (0.1 times radius). 
(3) Beyond the fractured zone, values obtained 
through permeability measurements are inferior to 
1012 m/s, inferior to those attributed to the micro- 
fissured argillaceous rocks. They indicate a limited or 
non-existent micro-fissure, as well as a very low 
permeability of the shear fractures. These values are 
consistent with the fact that strong mechanical stresses 
applied to shear fractures greatly restrict an increase in 
permeability. 
These observations, regarding the permeability of 
the EDZ, are consistent with those made on 
argillaceous rock samples and at the Mont Terri 
laboratory (Fig.10).  
 
 
Fig.10 Conceptual representation of the damaged zone (EDZ). 
 
Permeability measurements repeated regularly (every 
three months) show that: 
(1) The fractured zone permeability has increased in 
the first month. This increase is linked to the opening 
of the fractures due to the convergence of the drift 
walls and/or to the effect of ventilation (dewatering). 
Subsequently the permeability remained stable. 
(2) The resaturation of the fractured zone brought 
about a decrease of its permeability to water due to the 
swelling of the clay particles. 
Finally, mechanical load tests carried out at the 
Mont Terri laboratory both on argillaceous samples 
and in-situ have led to a permeability decrease of the 
EDZ more significantly than the layer load applied. 
Over a very long time, it seems that the EDZ 
properties would tend to be similar to those of the 
intact argillaceous rocks since the fractures will close 
under the effect of the return to equilibrium of the 
stresses. 
The conditions for the occurrence of shear fractures 
and their geometries seem to depend on the excavation 
conditions (speed and regularity of the excavation and 
installation of the supports of both the drifts and 
excavation front face). The installation of the first 
experimental drift at 490 m also highlighted the 
mechanical interactions among the structures 
according to their spacings.  
Out of safety, ANDRA has designed a device 
(hydraulic seal filled with swelling clay) for 
intercepting the fractured ring in the sealing zone and 
restricting the flows along the drifts. This device has 
been the object of study of the KEY experiment [1]. 
In the more carbonated upper levels of the 
Callovo-Oxfordian formation (more resistant and 
slightly shallower than the more argillaceous median 
level of the formation), observations and measure- 
ments carried out in the URL shafts and in the 445 m 
drift show that fractures do not occur at these levels. 
The thickness of the micro-fissured zone is in the 
order of 0.1 to 0.2 times the radius of the structure. 
These characteristics are favourable since the sealing 
of the shafts of a disposal facility could be carried out 
at the level of this zone. 
2.5.2 Impact of dewatering and oxido-reduction 
reactions 
The operation of a deep disposal facility will require 
the installation of a ventilation system in the drifts. 
Since the hygrometry and temperature of a continuous 
air flow are different from those of the environment, 
the pore water of the Callovo-Oxfordian clay rocks 
will be attracted towards the outside wall of the drifts 
and evaporate at its contact, while air will gradually 
replace the water in the argillaceous rock in the 
vicinity of the structure (dewatering). However, 
observations made in older structures, for instance, at 
the Tournemire tunnel [22] built about a hundred years 
ago, show that the dewatering phenomenon of 
argillaceous rocks is a slow process. 
Tests on samples and in-situ measurements carried 
out in the URL helped to assess the dewatering 
(b) Conceptual sketch of the shear fractures
observed in the underground research laboratory.
(a) “Classical” conceptual 
sketch of the EDZ. 
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velocity and consequences on the mechanical behaviour 
of the Callovo-Oxfordian argillaceous rocks. They 
showed that:  
(1) Dewatering stiffens the argillaceous rock, thus 
strengthening its mechanical resistance. The increase 
in resistance in uniaxial compression, associated with 
a drop in relative humidity, is about 0.45 MPa per 
degree of humidity. However, if dewatering is 
significant, it may also lead to a diffuse of micro- 
fissure which may heal with resaturation. 
(2) Owing to a higher permeability level than that of 
the micro-fissured or intact argillaceous rock, the 
extension of the dewatered zone in the vicinity of the 
structures does not exceed that of the damaged zone 
and covers mainly the fractured zone. It is noted that 
dewatering could penetrate locally into the shear 
fractures, but this penetration would remain limited 
owing to a very low permeability. The extension of the 
dewatered zone almost stabilizes within a few months 
and progresses negligibly over about ten years 
(Fig.10). 
As already demonstrated at the Mol laboratory [23], 
the penetration of air introduces oxygen in the 
argillaceous rock over a depth corresponding to the 
maximum extension of the dewatered zone. The 
argillaceous rock contains minerals, such as pyrite and 
organic matter, which react to oxygen (oxido- 
reduction reactions) and absorb it. The ratio of the 
volume of oxygen penetrating into the argillaceous 
rocks to that of absorbed oxygen is neutralized. This 
oxidation remains local and only affects a small 
fraction of the dewatered rock. The chemical 
characteristics of the argillaceous rocks are not altered 
and the impact and extension of this chemical 
perturbation remain very limited. 
In-situ measurements carried out in the URL have 
shown that the first trace of oxidation only appears, at 
the wall after 3 months and the oxidation front 
progresses slower than the dewatering front, reaching 
0.7 m after a year (Fig.11). 
 
 
Fig.11 Dewatering of the argillaceous rocks and oxidation 
phenomena at the drift walls following their ventilation. 
2.5.3 Thermal impact of waste packages  
  Some waste packages contain elements which release 
energy in the form of heat, therefore it is important to 
study any thermal impact on the host formation. 
Experiments carried out on samples have shown that 
the mineralogical transformations of Callovo- 
Oxfordian argillaceous rocks resulted from such a 
thermal phase are negligible as long as the tempera- 
tures are not too high and the thermal phase doesn’t 
last too long. More specifically, it has been demon- 
strated that a temperature of 70 °C during 10 000 years 
would not entail a significant perturbation. This led to 
deducing the following design criteria: temperature 
below 90 °C for a few centuries decreasing to below 
70 °C within 1 000 years. 
The impact of temperature on the hydro- 
mechanical behaviours of the argillaceous rocks has 
also been studied in laboratory by varying the 
temperatures and saturation levels of the samples. Up 
to about 70 °C, practically no impact is observed on 
the mechanical parameters (elasticity and plasticity 
thresholds, creep speed); beyond that, the most 
striking effect is an increase in creep speed.  
The measurements obtained in the framework of the 
thermal experimentation (TER) [24] were imple- 
mented to make a preliminary assessment of the 
characterization of the thermal and thermo-hydro- 
mechanical coupling parameters of the argillaceous 
rock: 
(1) Values of the thermal parameters deduced from 
the temperature measurements made at various places 
on the heating probe are close to those measured on 
samples in laboratory. 
(2) Owing to the difference in dilatation between 
the pore water and the minerals making up the 
argillaceous rock, heating induces a temporary 
overpressure in the argillaceous rock. Since the 
variation in pressure remains the same during the 
increase and decrease in temperature, this demon- 
strates that no irreversible phenomenon has been 
induced in the argillaceous rock. 
 
3  Choice of a site for the disposal 
facility 
 
The impact of the construction and operation of a 
possible disposal facility on the host formation, 
namely, perturbations which might be induced by 
various stresses (thermal, mechanical, geochemical, 
hydraulic), has mainly been studied through 
experiments on samples on the URL site. A preli- 
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minary assessment of the ability of the Callovo- 
Oxfordian layer and its geological environment to host 
a radioactive waste disposal facility was made with the 
help of the detailed data obtained on the site of the 
Meuse/Haute-Marne URL (drillings and 3D seismic 
over 4 km2) and the geological knowledge of the 
surveyed sector [7]. 
A transposition approach was developed with a 
view to defining a geographic domain geologically 
equivalent to the URL site with respect to the 
confining properties of the formation as well as the 
characteristics of the perturbations induced by a 
disposal facility. 
At the scale of the entire formation, the major 
concern is to examine the homogeneity of the layer in 
both the vertical distribution of its levels and lateral 
continuity. Faults are liable to break the continuity of 
the sedimentary layers or to alter their properties “in 
bulk”, essentially permeability. Therefore, the extension 
of the transposition zone shall not include any 
identified faults. 
At the scale of the minerals and their distribution in 
the rock formation, the confining properties of the 
Callovo-Oxfordian argillaceous rocks depend, as any 
other material, on one hand, on the intrinsic properties 
of their various constituents, therefore on relative 
amounts and distribution of various constituents in the 
rock (for instance, the thermal conductivity of the 
argillaceous rock depends on the proportion of grains 
of quartz and calcite which are good thermal 
conductors, as well as the way they deposited during 
the formation of the rock, therefore of their dispersion 
in the rock), and on the other hand, on the geometry of 
the rock pores which determine a possible movement 
of the water or chemical elements dissolved in it. 
Therefore, proper knowledge of the environmental 
conditions which determined the nature of the 
minerals constituting the Callovo-Oxfordian formation 
and their organization, as well as knowledge of the 
porosity geometry at all scales, has to be developed to 
define a geographic domain, geologically equivalent 
to the URL site. A detailed exploration of a 
geographical zone covering about 700 km2 around the 
URL is available thanks to 2D seismic profiles, oil 
drillings, drillings carried out between 1994 and 1996, 
as well as the 2003 drilling campaign (FSP) and 
mapping survey conducted at surface level [5]. 
Geological surveys helped to establish a detailed 
mapping of the faults. Except for the major tectonic 
features located at the boundaries of the surveyed zone 
(Marne fault system, Gondrecourt fault system, etc.), 
no significant vertical displacement fault has been 
identified in the Callovo-Oxfordian formation or in the 
underlying Oxfordian horizons and the upper part of 
the underlying Dogger in the northern half of the 
surveyed zone. Thus, the transposition zone does not 
include the vicinity of the great fault systems 
identified at east and west of the sector. 
Results of these studies, taken as a whole, define a 
geographical domain of about 250 km2 (called 
“transposition zone”), geologically equivalent to the 
URL site, lying in north and west of the URL (Fig.12). 
 
 
Fig.12 Boundaries of the “transposition zone” on the Meuse/ 
Haute-Marne site (unit: km). 
 
4  Main components of the design of 
a disposal facility 
 
4.1 Components of the disposal facility 
The disposal system comprises disposal packages, 
underground disposal structures (disposal vaults), and 
the geological environment surrounding these 
packages. Additional components depend on the 
layout of the underground structures, the access 
structures (shafts, ramps and connecting drifts), the 
equipment used underground, and finally the surface 
installations [25]. 
The primary waste packages placed in metal over 
packs or concrete over packs according to the nature of 
the packages, constitute the disposal packages. These 
packages ensure a partial protection (comple- mented 
by an armoured handling cask) during the transfer of 
the packages from the surface to the disposal vaults. 
These packages contribute to the standardization of the 
storage operations, and the protection of the primary 
packages in the long term, thus contributing to the 
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confinement of the radionuclides. 
The waste packages are placed in the disposal vaults. 
The design principles and sizes of the vaults depend to 
a large extent on the nature of the packages. The HL 
packages are placed in small diameter vaults, similar 
to horizontal lined boreholes, in which the waste 
packages are slipped in Fig.13.  
 
 
Fig.13 Disposal vaults of HL waste in operation configuration. 
 
The vaults of ILLL are larger in section. They are 
comparable to drifts and lined with concrete. The 
concept of “Dossier 2005” provides about 5 000 vaults 
for HL packages and about 50 vaults for ILLL packages. 
The length of the ILLL vault is about 270 m.  
The vaults can be reached by access drifts linked to 
the connecting drifts and structures connecting the 
surface to the underground (shafts and ramps). In 
order to fulfill the requirements of long-term operation, 
reversibility and safety, vaults and drifts network are 
organized in modules and zones [26]. 
The operation equipment used underground is 
mainly related to the transfer of packages. Some 
elements of this equipment move on wheels and carry 
the packages in their armoured handling cask to the 
entrance of the disposal vaults; others push HL waste 
or carry the ILLL waste packages from the entrance of 
the vault to their final emplacement in the disposal 
facility. This equipment can move on rails or on tyres 
and can be run by operators or remote control. In 
addition, some elements are permanent (utilizing 
doors, air-locks, rails) (Fig.14).  
There are three types of surface installations. The 
first type is dedicated to nuclear processes, taking 
charge of the primary waste packages (rail terminal or 
other), checking the packages, re-packing them into 
disposal packages, placing them into an armoured 
handling cask. Surface storage for the packages is to 
be provided, at least to afford a flexible operation 
 
Fig.14 ILLL Waste disposal vaults in operation configuration. 
 
management (buffer storage). It could also assume 
other functions, such as the thermal decrease of the 
most exothermal wastes. The administrative buildings 
constitute the second type of surface installations. 
Finally, the third type covers all the installations 
required for underground activities: workshops, 
cement plant, storage, drainage basins, excavation 
muck (“dumping area”) etc.. Though not directly 
involved with the URL, the studies carried out in the 
surface installations also rely on tests and life-size 
mock-ups. 
4.2 Functions to be ensured by the disposal facility 
4.2.1 Life phases of the disposal facility 
The preliminary phase of commissioning includes 
the construction of the necessary structures taking 
charge of the first waste packages (surface installa- 
tions, connections between the surface and the 
disposal zones, first disposal vaults). Following the 
commissioning of the disposal centre, the operation 
phase will cover the following activities: taking charge 
and control of the primary waste packages; prepara- 
tion of the disposal packages; possible storage on the 
disposal site; transfer of the packages to the disposal 
vaults; construction of new disposal modules; obser- 
vation and long-term monitoring of the installations; 
activities related to the progressive closure of the 
underground structures (by filling and sealing). The 
reversible management of the disposal facility leads to 
considering different steps for the controlled closure of 
the structures, including the possibility to back track. 
Following the closure of the disposal centre, the main 
function of the facility will protect people and 
environment from dissemination of radio nuclides 
contained in the wastes in a duration of up to several 
hundred thousand of years. This period is character- 
rized by the total absence of human activity (for 
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instance, maintenance) in the underground installations. 
4.2.2 Operation and progressive evolution of the 
disposal facility 
Activities carried out during this phase involve: the 
construction of new disposal vaults; nuclear operation; 
observation and long-term monitoring of the structures 
as a support to the reversible management of the 
disposal facility and its operation and maintenance; 
progressive closure of the structures. These various 
activities can be carried out simultaneously. The 
progressive construction and operation offer a flexible 
management of the facility, in particular the possibility 
to further develop the design or management mode of 
the disposal centre through feedback integration. In 
this framework, the laboratory constitutes a tool for 
the disposal facility, for instance, by making it 
possible to test under non-radioactive conditions, 
outside the boundaries of the nuclear installation, new 
processes considered for the design of future disposal 
packages.  
4.2.3 Reversibility 
To address various reversibility motivations, 
reversibility has been defined as the possibility of a 
progressive and flexible management of the disposal 
process, leaving to future generations the freedom to 
make decisions over the “levels” of this process. With 
this view, it has been decided to think in terms of steps 
rather than in terms of duration. The definition of 
reversibility as defined by ANDRA in “Dossier 2005” 
is in three steps: the ability to retrieve the packages (or 
retrievability), the ability to act on the disposal process 
and the ability to further develop the design of the disposal. 
In the first life stage of the disposal facility, the 
packages can be retrieved in the same way that they 
have been put in place. The designs of the sustainable 
vaults and disposal packages provide the ability to 
retrieve the packages over a period of hundreds of 
years. The vaults and packages sustainability depends 
mainly on the choice of materials and their design, as 
well as environmental conditions. The lifespan of the 
structures is reassessed through regular observation. 
In order to afford a flexible management of the 
disposal process, ANDRA proposed that closure should 
be implemented progressively. Thus, the reversibility 
level would gradually decrease with each decision to 
move on through the closure steps. Following the 
construction of the disposal structures and emplace- 
ment of the packages, the identified steps for a given 
disposal module are: the sealing of the vaults, the 
closure of the module by filling the access drifts, then 
at the scale of the disposal facility, the closure of a 
disposal zone, and finally the closure of the common 
infrastructures (main connecting drifts and shafts). 
Thus, the disposal facility can be managed in steps, 
with decision making landmarks, covering the em- 
placement of the packages up to the complete 
shutdown of the facility. This step-by-step approach 
provides, with each landmark, the possibility to keep 
the facility as it is, to move on to the next step by 
closing down some of the structures, or to revert to a 
former stage, eventually up to the removal of the 
packages. Moving on through the disposal process 
increases the passivity of the installation but, 
conversely, reduces its reversibility “level”.  
Observation makes it possible to follow up the 
evolution of various structures and their environment, 
to check their sustainability, identify, the case should 
arise, the need for action (maintenance for instance), 
and to protect different management choices: keep a 
structure as it is for a certain period, move on to the 
next stage by sealing the structure, or move back to 
the previous stage by restoring access to the structure. 
It also makes it possible to take advantage of feedback 
with a view to improving the design and management 
of the disposal facility.  
The Planning Act of the 28 June 2006 provides a new 
frame to define the conditions for reversibility. The 
licensing of the creation of a disposal facility will define 
the minimum period during which, as a safety measure, 
the reversibility of the disposal must be ensured. This 
period cannot be inferior to a hundred years.  
 
5  Programs of demonstrator trials 
and experiments 
 
The laboratory research and development program 
is now geared towards the industrial commissioning of 
the disposal centre.  
The initial URL program described in the 1996 
request for the licensing of the building and operation 
of an installation included five major research and 
development topics [27]: 
(1) Verification of the concept of a reversible or 
irreversible waste disposal facility. 
(2) Verification of the ability to seal the shafts, drifts 
and boreholes. 
(3) Confirmation of the low impact of the perturba- 
tions caused by the disposal facility. 
J. Delay et al. / Journal of Rock Mechanics and Geotechnical Engineering. 2010, 2 (1): 52–70                                                    65 
 
(4) Confirmation of the confinement abilities of the 
Callovo-Oxfordian formation. 
(5) Assessment of the transfer conditions of radio- 
nuclides into the biosphere. 
For each of these topics, the Planning Act of the 28th 
June 2006 leads to completing the initial objectives with 
the adjustment of industrial methods and characteri- 
zations (more specifically over time) in order to design 
the centre and to allow the licensing process for the 
creation of a disposal facility in 2015, and subsequently, 
if the license is granted, to follow up its construction and 
its operation starting in 2025. Moreover, the increasing 
significance of two specific topics justifies their 
identification concurrently and at the same level as the 
five previous ones. The first one regards observation and 
monitoring as a support to the reversible management of 
the disposal facility, the second one deals with training 
in waste disposal methods.  
The main research and development themes of the 
laboratory can be structured as follows:  
(1) Verification of the design of the disposal facility, 
development of construction methods and optimization 
the structures of the disposal facility. 
(2) Verification of the ability to seal the vaults, 
drifts and shafts, development of methods for the 
sealing and filling of the drifts and shafts. 
(3) Confirmation of the low impact of perturbations 
caused by the disposal facility, assessment of the 
behaviour of the perturbed argillaceous rocks and 
materials at the interfaces. 
(4) Confirmation of the confinement abilities of the 
Callovo-Oxfordian formation, characterization of the 
argillaceous rocks. 
(5) Assessment of the conditions of transfer of 
radionuclides into the biosphere, observation of the 
hydrogeological context and the environment over 
time. 
(6) Development of observation and monitoring 
methods for the reversible management of the disposal 
facility. 
(7) Training in waste disposal methods. 
These themes will require the construction of new 
infrastructures (drifts and vaults). Their excavation 
will take place concurrently with the scientific 
activities (Fig.15).  
5.1 Verification of feasibility of construction 
concept of the disposal facility, development of 
construction methods, and optimization of the 
structures of the disposal facility 
The horizontal underground structures dedicated to 
waste disposal fall under two types according to their 
sizes. The “drift” type structures correspond to excavated 
diameters of 4 to 12 m. The “micro-tunnel” or “large 
diameter boreholes” have smaller diameters on the 
order of one meter.  
Regarding the “drift” type structures, the primary 
aim of the tests and technological demonstrators will 
be to develop a construction method and to study the 
behaviour of interactions between the argillaceous 
rocks (intact and damaged) and the support and lining 
in space and time. 
Regarding the structures of the “micro-tunnel” or 
“large diameter borehole” type (disposal vaults of HL 
waste or spent fuel), the objective of developing a 
construction method must also be associated with the 
objective of enhancing the knowledge of the rock 
behaviour in the vicinity of the structures. 
5.1.1 Development of “drift” type structures  
The basic techniques for the construction of “drift” 
type structures are blasting, supporting and lining. A 
technical reference file will be established for the 
licensing of the creation of a disposal facility, 
providing however for progression margins beyond 
that stage. 
Today, owing to its good adaptation to the ground 
and its good performance with respect to rock damage 
and accurate construction, the reference excavation 
technique considered is mechanical road header 
excavation. The implementation of this method 
requires: 
(1) Adapting the tools and drill bits to the ground. 
(2) Adjusting an industrial excavation method. 
(3) Implementing an effective dust management 
system. 
The support of the URL drifts relies on the use of 
anchoring bolts and shotcrete. Arches will also be 
installed locally. Individual test has been carried out at 
the URL in order to assess the individual performance 
of different types of bolts chosen according to the 
argillaceous rock properties.  
The lining currently under consideration for the 
structures of the disposal facility is made of concrete. 
The aim of the tests regarding the implementation of 
the lining is to determine the reference technique for 
installing this concrete lining. At this stage, a concrete 
cast is likely to become the reference technique. Both 
“rigid” and “flexible” type linings will be tested. In the 
latter case, it could consist of a lighter concrete, of 
shotcrete type, or of prefab elements used in 
association with compressible elements. 
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Fig.15 Layout of the Meuse/Haute-Mame underground research laboratory by 2015.            
Owing to their geometries, the ILLL waste disposal 
vaults fall under the “drift” type structures. In this 
regard, the ILLL vaults will benefit from the tests 
carried out for the generic “drifts”: the configuration 
of a drift with a “rigid” lining will provide, in particular, 
elements for optimization of construction and lining of 
the ILLL vaults. However, their function, large size 
and inability to maintain them during operation make 
them special. 
The drifts sections to be sealed are also special. 
However, in order to ensure a flexible installation of 
their sealing, the specificity of the sections designed to 
be sealed will be as limited as possible. The objectives, 
in terms of the construction of these drifts sections, 
have therefore been, for the greater part, integrated in 
the drift objectives as a whole.  
Uncertainties regarding the design of the HL vaults 
access drifts are higher than those related to the other 
drifts (the vicinity of exothermal waste packages 
induces a thermal dilatation of various materials and 
increases the creep velocity of the argillaceous rocks). 
The issue “rigid lining versus flexible lining” applies 
more specifically to these drifts. 
5.1.2 Objectives related to the HL waste disposal 
vaults  
A life-size excavation test program has been 
launched to determine the most reliable method for the 
constructing stable vaults with as little damage as 
possible to the environment. 
This program studies the following topics: 
(1) Influence of the excavation direction on rock 
damage. 
(2)  Qualification of the effectiveness of the drilling 
method used for the HL vaults. 
(3) Assessment of the possibility to leave the hole 
barely for a deferred introduction of the lining. 
(4) Computation of the minimum annular space 
required for the excavation of a HL vault. 
(5) Computation of the stress caused by the intro- 
duction of the lining. 
(6) Control of the excavation trajectory. 
(7) Structure of the vault head and link with the 
civil engineering of the drift. 
(8) Test for the extraction of a temporary lining used 
during vault excavation. 
The excavation method will also be enhanced 
(modification of the guiding mode, optimization of the 
annular space, etc.). The structure of the vault head 
will be optimized according to the concept chosen for 
sealing the vault (possible installation of an 
over-excavated section with a tube sealed over some 
ten meters if the “temporary” lining installed during 
the construction of the vault head has not been 
removed).  
Following preliminary surface tests carried out with 
a view to enhancing the assembling technique of the 
lining elements (welding, bolting, etc.), the technique 
chosen will be tested underground under actual 
conditions. These in-situ tests will help to choose a 
technique, more specifically with respect to flaws in 
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the geometric alignment and water-tightness at the 
level of the junctions between the tubes. 
5.2 Verify the ability to seal vaults, drifts and shafts, 
develop methods for the sealing and filling of drifts 
5.2.1 Sealing of HL waste disposal vaults  
The aim of the closure of a vault is to restrict the 
possibilities of transport of the dissolved elements by 
reconstituting a low permeability continuum around 
the waste packages. To this effect, a plug made of 
swelling clay will be installed ahead of the metal plug, 
after a radioprotection metal plug has been installed in 
front of the last package. 
5.2.2 Sealing of “drift” type structures and shafts  
The main function of a sealing structure, as a 
component of the disposal facility, is to prevent the 
migration of water in the disposal facility after its 
closure. Considering the size and complexity of such a 
structure, the experimental program will begin by first 
testing separately its different components (slots filled 
with swelling clay throughout the damaged zone, 
sealing core made of swelling clay and concrete 
support). 
5.3 Confirm the limited impact of perturbations 
caused by the waste disposal facility, assess the 
behaviour of perturbed argillaceous rocks and 
materials at the interfaces 
Beyond 2011, the aim of the program will be to 
verify that the same behaviour is found in life-size 
structures consisting of components identical or very 
similar to those used in the disposal facility, and to 
determine the kinetics of different phenomena through 
long-term observation.  
5.3.1 Perturbations caused by the hydro-mechanical 
behaviour of the argillaceous rocks 
A climatic monitoring network has already been set 
up in the URL drifts to measure the air circulation 
temperature, hygrometry and speed. It will be 
completed by new stations built progressively in the 
drifts. 
The monitoring of deformations in the main shaft 
[28, 29] confirmed that the mechanical properties of 
the argillaceous rocks vary according to their lithology 
and the most clay-rich horizon of the formation, about 
2 m-thick, corresponding to the lowest mechanical 
resistance values. The new drifts dedicated to the 
adjustment of construction methods will help to 
complement these observations and to find out if the 
support of the excavation front by long bolts can 
prevent the occurrence of shear fractures, or if the 
installation of a rigid lining can modify the damaged 
zone characteristics.  
The structures of the new experimental program 
will provide new measures, devoid of influences, over 
a long period (almost 20 years). 
5.3.2 Resaturation effects after ventilation switch off 
Switching off the ventilation in a “drift” type 
structure halts the dewatering process. While the 
argillaceous rock resaturates, progressively the pore 
pressures increase until they reach a new state of 
equilibrium. This phenomenon controlled by the 
permeability of argillaceous rocks is associated with 
the swelling of clay rock. It is the objective of an 
experiment dedicated to studying the effect of 
ventilation-induced dewatering on the damaged zone 
of a drift section. This experiment will include several 
dewatering-resaturation phases. 
The phenomenon of mechanical healing, associated 
with resaturation and rock swelling, has been the 
objective of preliminary tests carried out in boreholes 
at the URL (cf. KEY and SUG experiments). Most of 
these tests were carried out under the raft of the drifts. 
An additional resaturation experiment will be carried 
out over a few square meters at the drift wall. The test 
protocol will be similar to that of the EH experiment 
carried out at Mont Terri during two years. This 
experiment will help to better assess the kinetics of the 
hydraulic sealing of the fractures, as well as the 
reduced connectivity of their network.  
5.3.3 Migration of gases produced in the disposal 
facility and perturbations induced  
Following “Dossier 2005”, it became necessary to 
better assess the pressures of gases possibly induced 
by the generation of hydrogen due to the corrosion of 
the metal elements and their impact on the stress field 
and pore pressure of the argillaceous rocks surrounding 
the structures, more specifically the HL vaults.  
The first experiment will be carried out in small 
diameter boreholes to study the conditions of 
resaturation and swelling of a HL vault seal when gas 
passes through it. This test will be completed by the 
measurement of gas transfer through the seal of a 
life-size HL vault. These tests will take place 
following the hydraulic tests carried out on the seal in 
order to find out about the conditions of transfer once 
the seal is resaturated in the presence of an 
argillaceous rock/seal interface representative of the 
disposal conditions. Feedback of the “HG-A” 
experiment at Mont Terri will be used for the test 
protocol [30]. 
5.3.4 Perturbations of seismical origin 
68                                                    J. Delay et al. / Journal of Rock Mechanics and Geotechnical Engineering. 2010, 2 (1): 52–70                
 
With respect to earthquakes, the design of the 
underground structures requires the availability of an 
acceleration attenuation law according to depth. 
Accelerometers have therefore been installed at 
different places in the URL in order to measure the 
parameters at various depths. 
5.3.5 Chemical and microbiological perturbations  
Since 2005, several research studies relying on the 
observation and analyses of URL samples have 
defined the chemical perturbations of the argillaceous 
rocks induced by climatic conditions caused by the 
ventilation of drifts and the introduction of bacteria in 
the course of the URL activities. Observations and 
collection of samples will carry on throughout the 
experimental program with a view to monitoring the 
evolution of these perturbations over several decades. 
5.3.6 Behaviour of the disposal materials and their 
interface with the argillaceous rock 
A significant part of the experimental program is 
dedicated to studying the perturbations induced by the 
materials of the disposal components in the argillaceous 
rock and the impact of pore water on the behaviour of 
these materials. Considering, here too, the very slow 
kinetics of the materials deterioration process and the 
interaction of the deterioration of the products with the 
argillaceous rock, the program consists of tests on 
samples that will help achieve kinetics close to those 
of the actual disposal in order to characterize the 
couplings, and URL experiments that will provide 
more representative geochemical conditions. 
There are two types of URL experiments: dynamic 
tests consisting in circulating fluid on crushed 
materials to speed up the process, and passive tests 
called “sleeping” tests, consisting in putting contact 
samples of materials with the argillaceous rock in 
closed boreholes. These samples are removed one 
after another for progressively longer spells of contact 
with the rock. 
5.4 Assess the conditions of transfer into the 
biosphere, observe the hydrogeological context and 
the environment over time 
Observation of these hydraulic perturbations 
induced by the sinking of access shafts to the URL in 
the clay-rich Oxfordian is a very accurate tool for 
measuring the hydraulic characteristics of the over- 
and underlying geological units over several hundred 
of meters to a kilometre. This tool helped to determine 
that permeability variations at the scale of several 
hundred of meters are inferior by one order of 
magnitude to those on sample. This shows that the 
impact of micro-fracture is restricted to a few low 
transmissivity vertical structures for an investigated 
volume of about 10 hm3. 
Borehole measurements of the hydraulic load and 
global drainage flows will carry on in both shafts 
throughout the disposal operation period to make sure 
that the migration flows in the vicinity of the shafts 
remain steady. 
5.5 Develop observation and monitoring methods 
for reversible management of the disposal facility 
Observation makes it possible to follow up the 
evolution of various structures and their environment 
in order to ensure their sustainability and, should the 
case arise, identify the need for action and protect the 
different management choices: keep the structure in its 
present state for a certain period of time, move on to 
the next step by sealing the structure, move back to the 
previous step by restoring access to the structure. 
Observation also makes it possible to take advantage 
of feedback with a view to enhancing the design and 
management of the disposal facility and to improving 
its behaviour models, relying on the data acquired in 
the disposal facility and the URL. 
In spite of the lack of access for the operators, the 
observation and monitoring means must function in a 
reliable way over long period under often aggressive 
environmental conditions (radiation and temperature). 
These means must also be as un-intrusive as possible 
to avoid upsetting the operation conditions, deteriorating 
the state of the structures or jeopardizing the safety 
functions assigned to the structures or the favourable 
properties of the environment and, if possible, without 
interfering with the observed phenomena. 
5.6 Provide training in disposal methods 
Concurrently with the construction and, subse- 
quently the operation of the future disposal facility, the 
URL will also be a training tool for personnel liable to 
have an activities in the disposal facility. Thus, the 
URL can provide training in the field of operation 
activities in an underground environment. This 
training can cover various fields of activity such as 
safety, observation and monitoring means, operation 
and maintenance of processes, the use of certain 
materials, etc.. 
 
6  Conclusions 
 
The main achievements of a decade of studies and 
works carried out in the Meuse/Haute-Marne URL are:  
(1) The detailed characterization of the confining 
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properties of the Callovo-Oxfordian argillaceous 
rocks. 
(2) The understanding of the behaviour of various 
disposal elements, with more specifically, the 
fractured zones occurrence mechanisms and means for 
limiting their hydraulic effect. 
Owing to the geological sedimentation conditions 
and absence of fracture, the most outstanding result 
has been the demonstration, through in-situ sample 
measurements, of the representativeness of the 
confining properties and their ability to be transposed 
at layer scale. 
The new law on the management of radioactive 
waste (28th June 2006) opened a new ten-year 
research period in view of establishing the autho- 
rization and construction of a disposal facility. 
Future works fall under two programs: a reconnai- 
ssance program conducted from the surface aimed at 
providing the scientific elements supporting the choice 
of a site for the disposal facility and a scientific 
program conducted in the laboratory dedicated to the 
design and construction of representative elements of 
a disposal facility (drifts, disposal vaults, sealing 
systems).  
The scientific program includes: 
(1) Completion of the experiments started before 
2005. 
(2) New experiments on the physico-chemical 
interactions of the disposal materials (glass, iron, 
concrete, bentonite). 
(3) New experiments on the circulation of gases in 
the geological formation, and thermo-hydro- 
mechanical experiments. 
Finally, this program also comprises experiments of 
a more technological nature concerning the adjustment 
of excavation and support techniques. These 
techniques will prefigure those that will be 
implemented in the construction of a disposal facility. 
The excavation of new drifts will contribute to the 
understanding of the argillaceous rocks hydromechanical 
behaviour and the occurrence and evolution of the 
damaged and disturbed zones [18]. 
Future laboratory experiments, carried out within a 
10-year period opened by the new Planning Act, will 
focus on: 
(1) The geochemical and mechanical phenomena in 
the immediate vicinity of the vaults following the 
deterioration of the materials involved in the 
construction of the disposal facility. 
(2) The mechanisms of gas migration through 
sealing plugs in the geological formation. 
(3) The adjustment of excavation techniques, the 
occurrence of the damaged zone and its evolution, the 
evolution of pressures in the formation and the hydro- 
mechanical and thermo-hydromechanical coupling 
mechanisms. 
Finally, the demonstrators will help to build life-size 
components, or parts of components, of a disposal 
facility scheduled to be licensed in 2025. 
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